1. Introduction {#s0005}
===============

Aujeszky's disease, a notifiable infectious disease of pigs, causes economic losses worldwide in the pig industry. The causative pathogen is pseudorabies virus (PRV), which is a member of the subfamily *Alphaherpesvirinae* of the family *Herpesviridae* [@b0005]. The genome of PRV is approximately 143 kb and encodes at least 70 open reading frames [@b0010]. Although pigs are the natural host of PRV, other mammals, such as ruminants, carnivores and rodents, are susceptible to PRV infection [@b0015]. PRV infection causes fatal fever and encephalomyelitis in pigs and susceptible animals [@b0020]. PRV Bartha-K61 vaccines lacking virulence-determining genes are effective for prevention of morbidity of PRV infection in pigs. However, since 2011, this vaccine has exhibited less protective efficacy against virulent PRV variants in China. Therefore, new applications are urgently needed to control PRV spread.

The innate immune system has evolved as a first line of defense against virus infection. Previous studies have demonstrated that PRV infection can induce an innate immune response through cytosolic pattern recognition receptors that recognize PRV genomic DNA. Knockdown of DNA-dependent activator of interferon (IFN)-regulatory factors (DAI) inhibits IFN-β expression and overexpression of DAI enhances IFN-β expression in response to PRV infection [@b0025]. Later, DEAD (Asp--Glu--Ala--Asp) box polypeptide (DDX)41 was shown to participate in PRV infection [@b0030]. DDX41 recognizes PRV genomic DNA and activates the type I IFN signaling pathway. Our previous study suggests that porcine cyclic GMP--AMP (cGAMP) synthase (cGAS) is also responsible for PRV-induced type I IFN activation [@b0035]. The enzymatic activity of cGAS is activated by the binding between cGAS and PRV DNA. cGAS thereafter catalyzes the generation of cGAMP, an intrinsic second messenger that activates stimulator of interferon genes protein (STING) to promote IFN expression dependent on the cGAS/STING/TBK1/IRF3 innate immune pathway. Contrary to cGAMP production by cGAS, ectonucleotide pyrophosphatase phosphodiesterase 1 can hydrolyze cGAMP to maintain homeostasis of the cGAMP reservoir and prevent IFN overactivation during PRV infection [@b0040]. PRV can also evade IFN-mediated innate immune response to facilitate virus infection [@b0045], suggesting that interaction of PRV and its host is complicated and obscure.

Upon activation by the innate immune pathways, IFNs bind to cell surface receptors and initiate a signaling cascade through the Janus kinase signal transducer and activator of transcription (JAK--STAT) pathway, leading to the transcriptional regulation of hundreds of IFN-stimulated genes (ISGs) that are highly effective at resisting and controlling pathogens [@b0050], [@b0055]. We previously found that porcine cholesterol 25-hydroxylase (CH25H) is an ISG induced by either IFN or PRV infection [@b0060]. CH25H catalyzes 25-hydroxycholesterol production to inhibit PRV entry. In addition, IFN-inducible transmembrane proteins (IFITMs) are a group of antiviral restriction factors that act against a broad range of viruses [@b0065], such as influenza A virus [@b0070], human immunodeficiency virus (HIV)-1 [@b0075], West Nile virus and dengue virus [@b0080], vesicular stomatitis virus [@b0085], severe acute respiratory syndrome coronavirus and Marburg virus [@b0090], classical swine fever virus [@b0095] and African swine fever virus [@b0100]. The mechanisms by which IFITMs influence virus infection are restriction of viral entry, viral assembly or viral protein synthesis [@b0105]. For example, IFITM1, IFITM2 and IFITM3 inhibit HIV-1 replication partially through interfering with virus entry [@b0075]. However, which IFITM member is involved in PRV infection and how IFITMs influence PRV replication have not been documented.

Here, we examine the effect of porcine IFITMs (pIFITMs) on PRV infection. Our data indicated that PRV-induced pIFITM1, pIFITM2 and pIFITM3 expression was different in PK15 porcine kidney epithelial cells and 3D4/21 alveolar macrophages. We further identified that pIFITM1, but not pIFITM2 or pIFITM3, was responsible for PRV infection, and that it interfered with PRV infection predominantly by inhibition of viral entry. This study uncovers the function of pIFITM1 during PRV infection.

2. Materials and methods {#s0010}
========================

2.1. Cells, virus and tissues {#s0015}
-----------------------------

PK15, 3D4/21, Vero and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco) at 37 °C in 5% CO~2~. PRV-QXX (virulent strain) and PRV-GFP (recombinant strain) were used as previously described [@b0040].

2.2. Establishment of pIFITM1-Flag stable cell line {#s0020}
---------------------------------------------------

The coding sequence of pIFITM1 with Flag tag fused to the COOH terminus was amplified from the cDNA of PK15 cells with the primers shown in [Table 1](#t0005){ref-type="table"} . The PCR product was cloned into pLVX-IRES-Puro lentiviral vector (Clontech, Mountain View, CA, USA) to generate pLVX-pIFITM1-Flag. On day 0, human HEK293T cells were seeded in 10-cm dishes at 4 × 10^6^ per dish. On day 1, cells were transfected with 2 μg/dish pLVX-pIFITM1-Flag, 1.5 μg/dish psPAX2 (packaging plasmid), and 0.5 μg/dish pMD2.G (envelope plasmid) using Lipofectamine 3000 (Invitrogen, Grand Island, NY, USA). On day 3, the culture media that contained lentiviruses were collected and used to infect PK15 cells that were then selected with puromycin (4 μg/ml) for 7 days. Expression of pIFITM1-Flag was determined by immunoblotting analysis.Table 1Primers used for gene cloning and RT-qPCR analysis.NameSequence (5′-3′)Product size (bp)Sus IFITM1GACGATAAGACCGGTTCTAGAATGATGATCAAGAGCCAGCACGAGA375GAAGTTTGTTGCGCCGGATCCGTAGCCTCTGTTACTCTTTGC  Q-Sus β-actinCTGAACCCCAAAGCCAACCGT317TTCTCCTTGATGTCCCGCACG  Q-Sus IFITM1ATTTGTTCCACCCTCCCAGG146TTGATGCAGAGACGGAGCAG  Q-Sus IFITM2CATTCTGACCATCGGAGCCA75TTTGCGCGCTCTAACATCTG  Q-Sus IFITM3TGCGTTCATCATCGTTTGCAC64TATGAGCTGCAGAACTGCTTGG  Q-Sus IFN-βCTCTAGCACTGGCTGGAATGAA237CCGGAGGTAATCTGTAAGTCTGTT  Q-Sus ISG15ATGCCCCCTTGCCCTCTCCAGTG235TCCGATGCCATCATGCAGTCCCT  Q-Sus IL-1βCCTGTACCCCAACTGGTA59CCAGGAAGACGGGCTTTTG  Q-PRV gBGGCATCGCCAACTTCTTCC289CCTCGTCCACGTCGTCCTC  Q-PRV TKGGCGTACTGGCGCACTCTG279ATGTCCCCGACGATGAAGC  Q-PRV gHCTCGCCATCGTCAGCAA187GCTGCTCCTCCATGTCCTT

2.3. RT-qPCR {#s0025}
------------

Total RNA was isolated by using Trizol Reagent (TaKaRa, Shiga, Japan) and subjected to cDNA synthesis with the PrimeScript™ RT Reagent Kit (TaKaRa). RT-qPCR was performed in triplicate by using SYBR Premix Ex Taq (TaKaRa), and data were normalized by the level of β-actin expression in each individual sample. Melting curve analysis indicated formation of a single product in all cases. The 2^−ΔΔCt^ method was used to calculate relative expression changes. For quantification of PRV genome copy number, PCR product of 187 bp from the gene of PRV glycoprotein H (gH) was cloned into pGEM-T vector. Serial 10-fold dilutions of this plasmid were used to construct a standard curve. The total number of PRV genomic equivalents was determined by comparison with the standard curve. Primers used for RT-qPCR are presented in [Table 1](#t0005){ref-type="table"}.

2.4. Immunoblotting analysis {#s0030}
----------------------------

Whole-cell lysates were extracted with lysis buffer (50 mM Tris--HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM MgCl~2~) supplemented with protease and phosphatase inhibitors (Roche, Mannheim, Germany). The protein concentrations in the lysates were quantified with a BCA Protein Assay Kit (DingGuo, Beijing, China), detected with a microplate reader (Awareness Technology Inc., Palm City, FL, USA). Protein samples (50 μg) were separated by SDS-PAGE, transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA), and incubated in 5% nonfat milk (Sangon, Shanghai, China) for 1 h at room temperature. The membranes were incubated with primary antibody overnight at 4 °C and then with a horseradish-peroxidase-conjugated, donkey anti-mouse IgG antibody (diluted 1:5000; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature. Primary antibodies used were anti-Flag M2 mouse monoclonal antibody (1:500, Sigma, St. Louis, MO, USA) and anti-actin mouse monoclonal antibody (1:10000, Sigma). Antisera against PRV gE (1:500) was generated by immunizing mice with purified recombinant gE. Immunoblotting results were visualized using Luminata Crescendo Western HRP Substrate (Millipore) on GE AI600 imaging system (Boston, MA, USA).

2.5. Immunofluorescence assay {#s0035}
-----------------------------

Cells grown on glass coverslips (Thermo, Waltham, MA, USA) were incubated with PRV-QXX for 1 h at 4 °C and fixed with 4% paraformaldehyde for 20 min. After washing with phosphate-buffered saline (PBS), PRV glycoprotein E (gE) was detected by incubating cells in PBS/10% FBS containing antisera against PRV gE (1:500) for 1 h. After washing with PBS, the cells were further incubated with fluorescent secondary antibodies (1:500; Invitrogen) in PBS/10% FBS for 1 h. Immunofluorescence microscopy was conducted using a Zeiss LSM 800 microscope (Oberkochen, Germany).

2.6. Cell proliferation assay {#s0040}
-----------------------------

Cells were seeded at 10^4^ per well in 96-well plates and viability was determined using CCK-8 cell counting assay (DingGuo).

2.7. Fluorescence-activated cell sorting (FACS) {#s0045}
-----------------------------------------------

Cells were infected with PRV-GFP (MOI 0.01) for 36 h and digested with trypsin--EDTA (Gibco). Cells were collected by centrifugation at 1000 g for 5 min and suspended in PBS. The percentage of GFP-positive cells was measured by flow cytometry on CytoFLEX (Beckman, Atlanta, GA, USA). Data were analyzed using FlowJo software.

2.8. RNA interference (RNAi) {#s0050}
----------------------------

On day 0, human HEK293T cells were seeded in 10-cm dishes at 4 × 10^6^ per dish. On day 1, the cells were transfected with 2 μg/dish shRNA plasmid ([Table 2](#t0010){ref-type="table"} ), 1.5 μg/dish psPAX2 (packaging plasmid), and 0.5 μg/dish pMD2.G (envelope plasmid) using Lipofectamine 2000. On day 3, the culture media that contained the viruses were collected, filtered through a 0.45-μm membrane, and stored at −80 °C. For cell infection, PK15 or 3D4/21 cells were cultured in T25 flasks. When the cells had reached 70--80% confluence, they were infected with 1 ml lentivirus-containing medium mixed with 2 ml fresh medium. After 16 h, the medium was changed and the cells were cultured for a further 48 h. The cells were selected in culture medium containing puromycin (4 μg/ml) for 7 days.Table 2Sequences of shRNA used for gene knockdown.NameSequence (5′-3′)sh-Sus IFITM1-1GCCACTGTTCTTCTGGTGTTTsh-Sus IFITM1-2GCAAAGAGTAACAGAGGCTACsh-Sus IFITM2-1GATGTTAGAGCGCGCAAAGAGsh-Sus IFITM2-2GCGCAAAGAGTAACAGAGGCTsh-Sus IFITM2/3GGAAGATGGTGGGAGACATCA

2.9. Virus titration and infection {#s0055}
----------------------------------

The tissue culture infective dose assay (TCID~50~) was performed to assess virus titration and infectivity. On day 0, Vero cells were seeded in a 96-well plate at 10^4^ per well. On day 1, the cells were inoculated with serially diluted viruses (10^−1^--10^−12^ fold) for 1 h at 37 °C. The excess virus inoculum was removed by washing with PBS. Then, 200 μl maintenance medium (DMEM/2% FBS) was added to each well and the cells were cultured for 3--5 days. The cells demonstrating the expected cytopathic effect were observed daily and the TCID~50~ value was calculated by the Reed--Muench method.

2.10. Generation of gene knockout cell lines via CRISPR/Cas9 {#s0060}
------------------------------------------------------------

Small guide RNAs (sgRNAs) targeting porcine *cGAS*, *STING, TBK1*, *IRF3* and *IFNAR1* ([Table 3](#t0015){ref-type="table"} ) were synthesized and cloned into the lentiCRISPR v2 vector Addgene, Watertown, MA, USA). Lentiviral production was the same as indicated in the method of RNA interference. PK15 cells were infected with lentiviruses and then selected with puromycin (4 μg/ml) for 7 days. Single clonal knockout cells were obtained by serial dilution and verified by Sanger sequencing.Table 3sgRNA and primers used for DNA sequencing.NameSequence (5′-3′)Product size (bp)cGAS sgRNACACCGGAAGCCGCAGGTACGCACG24AAACCGTGCGTACCTGCGGCTTCC  STING sgRNACACCGGAATACACGCTCCGGTGGC24AAACGCCACCGGAGCGTGTATTCC  TBK1 sgRNACACCGCTCGTAGACTTTGAGGCGG24AAACCCGCCTCAAAGTCTACGAGC  IRF3 sgRNACACCGCCCTTGGAAGCACGGCTTG24AAACCAAGCCGTGCTTCCAAGGGC  IFNAR1 sgRNACACCGCTGGTCGCTGGGGCTCCGT24AAACACGGAGCCCCAGCGACCAGC  cGAS sequencingTGCGAGCCCTACTGCTG709CTTCACTCGCTCATAGTAGCTC  STING sequencingGAGTGTCCGGTGGGTGGT720AGCCCTCCAGTAGCTGCTC  TBK1 sequencingCTGAGGAGTGAGTCTAAGCGG794GACCCAAGATCCAAAGCAG  IRF3 sequencingGCCCATGGGAACTCAGAA595AAATCCCCCTTACCTCCAC  IFNAR1 sequencingATGAGCGTGGGGCGGGG515CTGGCCGAGGTCTCCCATG

2.11. Statistical analysis {#s0065}
--------------------------

All data were analyzed using the Prism 7 software (GradphPad Software, La Jolla, CA, USA). All data were analyzed with two-tailed Student's *t*-test. *P* \< 0.05 was considered statistically significant.

3. Results {#s0070}
==========

3.1. Phylogenetic tree and multiple sequence alignment of IFITMs {#s0075}
----------------------------------------------------------------

To determine the role of IFITMs in PRV infection, we first analyzed the phylogenetic relationships of IFITMs in different species. We constructed the phylogenetic tree of IFITMs based on amino acid sequences with MEGA 6 software. We analyzed 47 IFITMs from different species. The phylogenetic analysis indicated that pIFITM1 was clustered with that from humans, cows and dogs, and pIFITM2, pIFITM3 and IFITM2 from humans and mice clustered together ([Fig. 1](#f0005){ref-type="fig"} A), suggesting that pIFITM1--3 had an evolutionarily conserved relationship with that from humans.Fig. 1Phylogenetic tree and multiple sequence alignment of IFITM1--3. **A** Phylogenetic tree of IFITMs from different species was constructed with MEGA 6 software, using the neighbor-joining method. **B** Multiple sequence alignment and secondary structure prediction of pIFITM1--3. The transmembrane domains of pIFITM1--3 are shown above the amino acid sequence. The α-helices and β-sheets of pIFITM1--3 are shown under the amino acid sequence.

pIFITM1 contained 124 amino acids, whereas pIFITM2 and pIFITM3 harbored 144 and 145 amino acids respectively. pIFITM1 shared 77.08% and 61.38% amino acid identity with pIFITM2 and pIFITM3, and pIFITM2 shared 82.76% amino acid identity with pIFITM3. In addition, we predicted the secondary structure of pIFITM1--3 using Protein Homology/analogY Recognition Engine version 2.0. pIFITM1--3 were composed of 2 transmembrane domains, 2 α-helices and 1 β-strand ([Fig. 1](#f0005){ref-type="fig"}B).

3.2. Transcription of pIFITM1, pIFITM2 and pIFITM3 in PRV-infected cells {#s0080}
------------------------------------------------------------------------

We then infected PK15 porcine kidney epithelial cells and 3D4/21 alveolar macrophages with PRV-GFP to detect whether mRNA expression of pIFITM1, pIFITM2 and pIFITM3 was induced. We examined the effect of PRV infection on IFN-β and interleukin 1β (IL-1β) mRNA expression. PK15 and 3D4/21 cells were infected with PRV-GFP (MOI 0.1) for 0, 3, 6, 12 or 24 h. Total RNA was isolated and reverse transcribed to cDNA for RT-qPCR analysis. PRV infection resulted in activation of IFN-β and IL-1β mRNA expression in PK15 and 3D4/21 cells in a time-dependent manner ([Fig. 2](#f0010){ref-type="fig"} A and [2](#f0010){ref-type="fig"}B), which is consistent with our previous findings that PRV can activate IFN and proinflammatory cytokine expression [@b0035]. We next detected if PRV infection induced IFITM expression. RT-qPCR indicated that PRV-GFP infection promoted pIFITM1 expression in PK15 and 3D4/21 cells ([Fig. 2](#f0010){ref-type="fig"}C). However, pIFITM2 and pIFITM3 expression was only enhanced in PK15 cells, but not in 3D4/21 cells during PRV-GFP infection ([Fig. 2](#f0010){ref-type="fig"}D and 2E). These results suggest that PRV-induced IFITM expression differs among cell types.Fig. 2Transcription of pIFITM1--3 in response to PRV-GFP infection. **A--E** RT-qPCR analysis of IFN-β (B), IL-1β (C), pIFITM1 (D), pIFITM2 (E) and pIFITM3 (F) mRNA expression in mock-infected or PRV-GFP (MOI 0.1) infected PK15 and 3D4/21 cells at 0, 3, 6, 12 or 24 h post-infection. All data are shown as mean ± SD based on three independent experiments. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test.

3.3. pIFITM1 knockdown enhances PRV-GFP infection {#s0085}
-------------------------------------------------

We investigated whether pIFITM1--3 were involved in PRV infection. Lentivirus-delivered shRNAs targeting IFITM mRNA were used to stably knockdown IFITMs in PK15 cells. Two independent shRNAs specifically targeting pIFITM1 (shIFITM1-1 and shIFITM1-2) showed significant knockdown efficiency, proven by RT-qPCR ([Fig. 3](#f0015){ref-type="fig"} A). We infected Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells with PRV-GFP and performed fluorescent microscopy and viral titration analysis that showed that knockdown of pIFITM1 promoted PRV-GFP infection ([Fig. 3](#f0015){ref-type="fig"}B and 3C). We also established PK15 cells expressing low level of pIFITM2 (shIFITM2-1 and shIFITM2-2) ([Fig. 3](#f0015){ref-type="fig"}D). PRV-GFP replication, detected by fluorescent microscopy or viral titration, was not altered in shIFITM2-1 and shIFITM2-2 compared to that in Scramble PK15 cells, suggesting that pIFITM2 was not involved in PRV infection ([Fig. 3](#f0015){ref-type="fig"}E and [3](#f0015){ref-type="fig"}F).Fig. 3pIFITM1 knockdown enhances PRV-GFP infection. **A** RT-qPCR analysis of pIFITM1 mRNA in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells. **B** Fluorescent microscopy and FACS analysis of PRV-GFP (MOI 0.01) proliferation in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells for 36 h. Scale bar, 400 μm. **C** TCID~50~ assay in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells infected with PRV-GFP (MOI 0.1) for 24 h. **D** RT-qPCR analysis of pIFITM2 mRNA in Scramble, shIFITM2-1 and shIFITM2-2 PK15 cells. **E** Fluorescent microscopy and FACS analysis of PRV-GFP (MOI 0.01) proliferation in Scramble, shIFITM2-1 and shIFITM2-2 PK15 cells for 36 h. Scale bar, 400 μm. **F** TCID~50~ assay in Scramble, shIFITM2-1 and shIFITM2-2 PK15 cells infected with PRV-GFP (MOI 0.01) for 24 h. **G, H** RT-qPCR analysis of pIFITM2 and pIFITM3 mRNA in Scramble, shIFITM2/3 PK15 cells. **I** Fluorescent microscopy and FACS analysis of PRV-GFP (MOI 0.01) proliferation in Scramble and shIFITM2/3 PK15 cells for 36 h. Scale bar, 400 μm. **J** TCID~50~ assay in Scramble and shIFITM2/3 PK15 cells infected with PRV-GFP (MOI 0.01) for 24 h. All the data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by two-tailed Student's *t*-test.

The nucleic acid sequences of pIFITM2 and pIFITM3 are identical; therefore, we could not design a shRNA specifically targeting pIFITM3. To circumvent this problem, we simultaneously knocked down pIFITM2 and pIFITM3 in PK15 cells (shIFITM2/3). RT-qPCR indicated that mRNA expression of pIFITM2 and pIFITM3 was significantly down-regulated in shIFITM2/3 PK15 cells ([Fig. 3](#f0015){ref-type="fig"}G and [3](#f0015){ref-type="fig"}H). Fluorescent microscopy and viral titration showed that PRV-GFP replication in shIFITM2/3 PK15 cells was almost the same as that in control cells ([Fig. 3](#f0015){ref-type="fig"}I and [3](#f0015){ref-type="fig"}J). All the results above demonstrate that pIFITM1, but not pIFITM2 and pIFITM3, participates in PRV infection.

3.4. PRV-induced pIFITM1 expression is dependent on cGAS, STING, TBK1, IRF3 and IFNAR1 {#s0090}
--------------------------------------------------------------------------------------

We showed that knockdown of IFITM1 promoted PRV-GFP infection; therefore, we investigated the role of IFITM1 in PRV infection. IFITM1 is regulated by IFN signaling [@b0110] and our previous study indicated that PRV infection induces cGAS/STING/TBK1/IRF3-dependent IFN expression [@b0035]. Thus, we attempted to identify whether PRV-induced IFITM1 expression relied on this innate immune pathway. CRISPR/Cas9 was used to generate cGAS^−/−^, STING^−/−^, TBK1^−/−^, IRF3^−/−^ and IFNAR1^−/−^ knockout PK15 cells ([Fig. 4](#f0020){ref-type="fig"} ). We infected cells with the virulent PRV strain PRV-QXX for 0, 2, 4, 6, 12 or 24 h. Total RNA was isolated and reverse-transcribed to cDNA for RT-qPCR. PRV-QXX infection induced pIFITM1 expression in a time-dependent manner in PK15 cells ([Fig. 5](#f0025){ref-type="fig"} A--[5](#f0025){ref-type="fig"}E). However, induction of pIFITM1 expression was abolished in cGAS^−/−^, STING^−/−^, TBK1^−/−^, IRF3^−/−^ or IFNAR1^−/−^ PK15 cells ([Fig. 5](#f0025){ref-type="fig"}A--[5](#f0025){ref-type="fig"}E). These results indicate that PRV-induced pIFITM1 expression relies on cGAS/STING/TBK1/IRF3 innate immune and IFN signaling pathways.Fig. 4Schematic showing the design of sgRNAs that target porcine cGAS, STING, TBK1, IRF3 and IFNAR1. **A--E** Schematic representation of sus cGAS, STING, TBK1, IRF3 and IFNAR1 genomic structure and DNA sequencing results of cGAS^−/−^ (A), STING^−/−^ (B), TBK1^−/−^ (C), IRF3^−/−^ (D) and IFNAR1^−/−^ (E) PK15 cells. Protospacer sequences are grey. The PAM sequence is framed by a black box.Fig. 5PRV-induced pIFITM1 expression is dependent on cGAS, STING, TBK1, IRF3 and IFNAR1. **A--E** RT-qPCR analysis of pIFITM1 mRNA in WT, cGAS^−/−^ (A), STING^−/−^ (B), TBK1^−/−^ (C), IRF3^−/−^ (D) and IFNAR1^−/−^ (E) PK15 cells infected with PRV-QXX (MOI = 1) at 0, 2, 4, 6, 12 or 24 h post-infection. Data are shown as mean ± SD based on three independent experiments. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. ns, no significance.

3.5. pIFITM1 knockdown enhances PRV-QXX infection in PK15 cells {#s0095}
---------------------------------------------------------------

To further validate the role of IFITM1 in PRV infection, we detected PRV-QXX replication in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells. We performed a CCK-8 cell counting assay to identify whether pIFITM1 knockdown influenced cell proliferation. The proliferation of shIFITM1-1 and shIFITM1-2 cells was almost the same as PK15 and Scramble cells ([Fig. 6](#f0030){ref-type="fig"} A). We infected cells with PRV-QXX and performed a viral titration assay. In accordance with PRV-GFP, pIFITM1 knockdown enhanced PRV-QXX replication ([Fig. 6](#f0030){ref-type="fig"}B). To gain insight into the effect of pIFITM1 on PRV infection, we detected the growth kinetics of PRV-QXX in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells using a one-step growth curve. As indicated in [Fig. 6](#f0030){ref-type="fig"}C, viral yield was higher in shIFITM1-1 and shIFITM1-2 than in Scramble PK15 cells from 2 to 24 h post-infection. We examined PRV-QXX replication by immunoblotting of PRV gE, RT-qPCR of transcription of PRV glycoprotein B (gB), thymidine kinase (TK), and RT-qPCR of PRV-induced IFN-β, ISG15 and IL-1β expression in PK15 cells with pIFITM1 knockdown. PRV gE expression was higher in shIFITM1-1 and shIFITM1-2 than in PK15 and Scramble cells ([Fig. 6](#f0030){ref-type="fig"}D). Transcription of PRV gB and TK was enhanced in cells due to pIFITM1 knockdown ([Fig. 6](#f0030){ref-type="fig"}E). PRV-induced IFN-β, ISG15 and IL-1β expression was also increased in PK15 cells with pIFITM1 knockdown ([Fig. 6](#f0030){ref-type="fig"}F). These data demonstrate that knockdown of pIFITM1 promoted PRV-QXX infection in PK15 cells.Fig. 6pIFITM1 knockdown enhances PRV-QXX infection in PK15 cells. **A** Cell proliferation assay of PK15, Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells for 0--72 h. **B** TCID~50~ assay in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells infected with PRV-QXX (MOI 0.1 or 1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by two-tailed Student's *t*-test. **C** One-step growth curve of PRV-QXX (MOI 0.1) in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells at 2, 4, 6, 8, 12 or 24 h post-infection. Viral titer was determined by TCID~50~ assay. **D** Immunoblotting analysis of whole cell extracts from PK15, Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells infected with PRV-QXX (MOI 0.1) for 24 h with antibodies against PRV gE. Actin served as a loading control. **E** RT-qPCR analysis of PRV gB and TK mRNA in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells infected with PRV-QXX (MOI 0.1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 determined by two-tailed Student's *t*-test. **F** RT-qPCR analysis of IFN-β, ISG15 and IL-1β mRNA expression in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells treated as in E. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test.

3.6. pIFITM1 knockdown enhances PRV infection in 3D4/21 cells {#s0100}
-------------------------------------------------------------

To determine whether the role of pIFITM1 in PRV infection was limited to a specific cell type, we further depleted pIFITM1 by RNA interference in 3D4/21 cells infected with PRV-GFP and PRV-QXX. shIFITM1-1 and shIFITM1-2 showed significant knockdown efficiency of pIFITM1 in 3D4/21 cells, as demonstrated by RT-qPCR ([Fig. 7](#f0035){ref-type="fig"} A). A CCK-8 cell counting assay showed that proliferation of 3D4/21 cells was not altered by pIFITM1 knockdown ([Fig. 7](#f0035){ref-type="fig"}B). Subsequently, we infected Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells with PRV-GFP and examined viral replication by fluorescent microscopy, FACS and viral titer assay. The percentage of GFP-positive cells was 33.72% in Scramble, and this rate significantly increased to 45.43% and 44.52% in shIFITM1-1 and shIFITM1-2 3D4/21 cells infected with PRV-GFP, respectively ([Fig. 7](#f0035){ref-type="fig"}C). Viral titer assay showed that PRV-GFP infection was enhanced in shIFITM1-1 and shIFITM1-2 compared with in Scramble 3D4/21 cells ([Fig. 7](#f0035){ref-type="fig"}D). We infected cells with PRV-QXX and found that viral titer was also higher in shIFITM1-1 and shIFITM1-2 than that in Scramble 3D4/21 cells ([Fig. 7](#f0035){ref-type="fig"}E). Additionally, we tested the growth kinetics of PRV-QXX in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells by one-step growth curve. Viral titration was higher in shIFITM1-1 and shIFITM1-2 than in Scramble 3D4/21 cells from 2 to 24 h post-infection, which was consistent with that in PK15 cells ([Fig. 7](#f0035){ref-type="fig"}F). Moreover, pIFITM1 knockdown enhanced PRV gE expression, PRV gB and TK transcription and PRV-induced IFN-β, ISG15 and IL-1β expression ([Fig. 7](#f0035){ref-type="fig"}G--[7](#f0035){ref-type="fig"}I). All the data illustrate that knockdown of pIFITM1, either in PK15 or in 3D4/21 cells, promotes PRV infection.Fig. 7pIFITM1 knockdown enhances PRV infection in 3D4/21 cells. **A** RT-qPCR analysis of pIFITM1 mRNA in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **B** Cell proliferation assay of 3D4/21, Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells for 0--72 h. **C** Fluorescent microscopy and FACS analysis of PRV-GFP (MOI 0.01) proliferation in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells for 36 h. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **D** TCID~50~ assay in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells infected with PRV-GFP (MOI 0.1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by two-tailed Student's *t*-test. **E** TCID~50~ assay in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells infected with PRV-QXX (MOI 0.1 or 1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **F** One-step growth curve of PRV-QXX (MOI 0.1) in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells at 2, 4, 6, 8, 12 or 24 h post-infection. Viral titer was determined by TCID~50~ assay. **G** Immunoblotting analysis of whole cell extracts from 3D4/21, Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells infected with PRV-QXX (MOI 0.1) for 24 h with antibodies against PRV gE. Actin served as a loading control. **H** RT-qPCR analysis of PRV gB and TK mRNA in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells infected with PRV-QXX (MOI 0.1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **I** RT-qPCR analysis of IFN-β, ISG15 and IL-1β mRNA expression in Scramble, shIFITM1-1 and shIFITM1-2 3D4/21 cells treated as in H. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test.

3.7. Overexpression of pIFITM1 inhibits PRV infection {#s0105}
-----------------------------------------------------

To confirm the role of pIFITM1 in PRV infection, we used lentivirus-mediated delivery to generate PK15 cells overexpressing pIFITM1-Flag ([Fig. 8](#f0040){ref-type="fig"} A). Cell proliferation by CCK-8 cell counting assay indicated that ectopic expression of pIFITM1 did not inhibit PK15 cell proliferation ([Fig. 8](#f0040){ref-type="fig"}B). We infected control (vector) and pIFITM1-overexpressing cells with PRV-GFP and fluorescent microscopy and FACS assay showed that GFP intensity was lower in pIFITM1-overexpressing cells than in control cells, suggesting that pIFITM1 overexpression inhibited PRV-GFP infection ([Fig. 8](#f0040){ref-type="fig"}C). The viral titer assay indicated that overexpression of pIFITM1 reduced viral production ([Fig. 8](#f0040){ref-type="fig"}D). In addition to inhibiting PRV-GFP infection, pIFITM1 overexpression also prevented viral infection in PK15 cells infected with PRV-QXX ([Fig. 8](#f0040){ref-type="fig"}E). We then detected the growth kinetics of PRV-QXX in control and pIFITM1-Flag-overexpressing PK15 cells by one-step growth curve. Viral titration was lower in pIFITM1-overexpressing cells than in control cells from 2 to 24 h post-infection ([Fig. 8](#f0040){ref-type="fig"}F).Fig. 8Overexpression of pIFITM1 inhibits PRV infection. **A** Immunoblotting analysis of whole cell extracts from PK15 cells stably expressing vector or pIFITM1-Flag with antibodies against Flag. Actin served as a loading control. **B** Cell proliferation assay of PK15 cells stably expressing vector or pIFITM1-Flag for 0--72 h. **C** Fluorescent microscopy and FACS analysis of PRV-GFP (MOI 0.01) proliferation in PK15 cells stably expressing vector or pIFITM1-Flag for 36 h. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **D** TCID~50~ assay in PK15 cells stably expressing vector or pIFITM1-Flag infected with PRV-GFP (MOI 0.1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01 determined by two-tailed Student's *t*-test. **E** TCID~50~ assay in PK15 cells stably expressing vector or pIFITM1-Flag infected with PRV-QXX (MOI 0.1 or 1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **F** One-step growth curve of PRV-QXX (MOI 0.1) in K15 cells stably expressing vector or pIFITM1-Flag at 2, 4, 6, 8, 12 or 24 h post-infection. Viral titer was determined by TCID~50~ assay. **G** Immunoblotting analysis of whole cell extracts from PK15 cells stably expressing vector or pIFITM1-Flag infected with PRV-QXX (MOI 0.1) for 24 h with antibodies against PRV gE and Flag. Actin served as a loading control. **H** RT-qPCR analysis of PRV gB and TK mRNA expression in K15 cells stably expressing vector or pIFITM1-Flag infected with PRV-QXX (MOI 0.1) for 24 h. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **I** RT-qPCR analysis of IFN-β, ISG15 and IL-1β mRNA expression in PK15 cells stably expressing vector or pIFITM1-Flag treated as in H. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test.

Meanwhile, we examined the effect of pIFITM1 overexpression on PRV-QXX gE expression by immunoblotting analysis. As shown in [Fig. 8](#f0040){ref-type="fig"}G, gE expression was decreased due to pIFITM1-Flag expression. PK15 cells expressing pIFITM1-Flag generated less PRV gB and TK mRNA than control cells did ([Fig. 8](#f0040){ref-type="fig"}H), and PRV-QXX-induced IFN-β, ISG15 and IL-1β expression was decreased in response to pIFITM1 overexpression ([Fig. 8](#f0040){ref-type="fig"}I). These results demonstrate that overexpression of pIFITM influences PRV infection.

3.8. pIFITM1 restricts PRV entry {#s0110}
--------------------------------

We investigated whether pIFITM1 inhibited PRV entry. Cells were incubated with PRV-QXX for 1 h at 4 °C and then washed twice with ice-cold PBS, and viral titer was determined at 24 h post-infection. Knockdown of pIFITM1 accelerated PRV replication and overexpression of pIFITM1 dampened PRV infection ([Fig. 9](#f0045){ref-type="fig"} A and [9](#f0045){ref-type="fig"}B). We incubated cells with PRV-QXX for 1 h at 4 °C and then washed twice with ice-cold PBS, and examined PRV entry by RT-qPCR, immunoblotting and immunofluorescence analysis. We found more PRV genome copy numbers in shIFITM1-1 and shIFITM1-2 PK15 cells than in Scramble cells ([Fig. 9](#f0045){ref-type="fig"}C). On the contrary, PRV genome copy numbers were decreased on cells overexpressing pIFITM1 ([Fig. 9](#f0045){ref-type="fig"}D). Immunoblotting analysis showed that more PRV gE was detected on cells with pIFITM1 knockdown and less PRV gE was detected on pIFITM1-PK15 cells ([Fig. 9](#f0045){ref-type="fig"}E and [9](#f0045){ref-type="fig"}F). Immunofluorescence analysis indicated that knockdown of pIFITM1 promoted PRV attachment to the cell membrane, and overexpression of pIFITM1 impaired PRV adherence to the cell membrane ([Fig. 9](#f0045){ref-type="fig"}G and [9](#f0045){ref-type="fig"}H). All the results above indicate that pIFITM1 inhibits PRV entry during PRV infection.Fig. 9pIFITM1 restricts PRV entry. **A** TCID~50~ assay in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells incubated with PRV-QXX (MOI 0.1 or 1) for 1 h at 4 °C. Cells were washed twice with ice-cold PBS and cultured for 24 h at 37 °C. Data are shown as mean ± SD based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **B** TCID~50~ assay of control (Vector) and pIFITM1-Flag PK15 cells treated as in A. Data are shown as mean ± SD based on three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 determined by a two-tailed Student's *t*-test. **C** RT-qPCR analysis of PRV genome copy numbers in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells incubated with PRV-QXX (MOI 1) for 1 h at 4 °C and washed twice with ice-cold PBS. Data are shown as mean ± SD based on three independent experiments. \*P \< 0.05 determined by a two-tailed Student's *t*-test. **D** RT-qPCR analysis of PRV genome copy numbers from control (Vector) and pIFITM1-Flag PK15 cells treated as in C. Data are shown as mean ± SD based on three independent experiments. \*P \< 0.05 determined by two-tailed Student's *t*-test. **E** Immunoblotting analysis of whole cell extracts from Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells treated as in C. **F** Immunoblotting analysis of whole cell extracts from control (Vector) and pIFITM1-Flag PK15 cells treated as in C. **G** Immunofluorescence of PRV gE in Scramble, shIFITM1-1 and shIFITM1-2 PK15 cells treated as in C. Data are shown as mean ± SD of n = 22 cells based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t-*test. **H** Immunofluorescence of PRV gE in control (Vector) and pIFITM1-Flag PK15 cells treated as in C. Data are shown as mean ± SD of n = 20 cells based on three independent experiments. \*\*\*P \< 0.001 determined by a two-tailed Student's *t-*test.

4. Discussion {#s0115}
=============

IFITMs are activated in response to IFN and represent a new class of cellular restriction factors that block the replication and pathogenesis of pathogens [@b0115]. Our results showed that PRV infection activated IFN-β expression in PK15 porcine kidney epithelial cells and 3D4/21 alveolar macrophages. We demonstrate that pIFITM1 can be induced in PK15 and 3D4/21 cells, while pIFITM2 and pIFITM3 can be only induced in PK15 cells during PRV infection. The reason why PRV-induced pIFITM expression differs in PK15 and 3D4/21 cells needs further investigation. Lu et al. have examined the expression profile of IFITM in 32 rat tissues and show that IFITM1--3 were ubiquitously expressed [@b0120]. IFITM1 and IFITM3 were also ubiquitously expressed in all the tissues examined in BALB/c mice. However, mice challenged with H9N2 avian influenza virus showed that the expression patterns of IFITM1 and IFITM3 differ among tissues [@b0125]. Further elucidation of the expression profile of IFITMs in porcine tissues will help us to understand the roles of IFITMs in pig infectious diseases.

The detection of cytosolic DNA as a 'stranger' and a 'danger' signal by DNA sensors has emerged as a key event in the innate immune response to virus infection [@b0130]. A couple of DNA sensors have been identified to participate in innate immune response. The endoplasmic-reticulum-resident adaptor protein STING integrates DNA sensor-transduced signaling and subsequently activates the expression of type I IFN and pro-inflammatory cytokines [@b0135]. DAI was the first putative DNA sensor to be shown to bind DNA, and to be required for the response to viral DNA [@b0140], [@b0145]. Using an RNAi screen of 59 members of the DExD/H helicase family, Zhang and colleagues identified DDX41 as a putative DNA sensor [@b0150]. RNA polymerase III, IFN-γ-inducible protein 16, the high mobility group box proteins, and cGAS all play roles in sensing cytosolic DNA [@b0155], [@b0160], [@b0165], [@b0170]. We showed that PRV-induced pIFITM1 expression relied on the cGAS/STING/TBK1/IRF3 innate immune and IFN signaling pathways. Except for the activation of IFN, cGAMP also has a noncanonical function in inflammasome activation in human and mouse cells [@b0175]. This may arm cells in another beneficial way to fight against PRV infection. DAI and DDX41 have been reported to respond to PRV infection [@b0025], [@b0030]; thus, it is possible that they are involved in PRV-induced pIFITM1 expression. Other DNA sensors may also be responsible for pIFITM1 expression when cells are infected with PRV. The predominant DNA sensor that is important for PRV-induced innate immune response may be determined by its expression profile in different cells and tissues.

We showed that pIFITM1 restricted PRV entry into host cells. The mechanism of how pIFITM1 restricts PRV entry may be due to the subcellular localization of IFITM1. IFITM1 mostly concentrates on the lipid raft and caveola in the plasma membrane and interacts with some membrane proteins such as CD19 and CD81 [@b0180], [@b0185], [@b0190]. IFITM2 and IFITM3 are mainly in the intracellular compartments and co-localize with Rab7, CD63 and lysosomal-associated membrane protein 1 [@b0195]. The C-terminal region of IFITM1 that controls protein subcellular localization is important for modulating the antiviral function against HIV entry [@b0200]. Further studies have illustrated that the C-terminal KRXX motif of IFITM1 that interacts with adaptor protein complex 3 is responsible for its antiviral activity against jaagsiekte sheep retrovirus and 10A1 amphotropic murine leukemia virus [@b0205]. It is also reported that IFITM1 inhibits viral entry and this antiviral function is associated with its cell surface localization [@b0210]. IFITM1 may reduce membrane fluidity and increase spontaneous positive curvature in the outer leaflet of membranes [@b0215], which may influence membrane fusion between PRV envelope and plasma membrane. Another mechanism by which pIFITM1 restricts PRV entry may be clathrin-mediated phagocytosis, because many viruses invade cells through a clathrin-dependent pathway [@b0220]. Treatment of *ifitm1* ^−/−^ cells with IFN-β reduces the association of clathrin with membrane compartments, suggesting a molecular interaction between clathrin and IFITM1 [@b0225]. Our multiple sequence alignment indicated that pIFITM1 lacks 20 amino acids in the NH~2~ terminus of pIFITM2 and pIFITM3. Jian et al. have shown that there is a sorting motif YEML, amino acids 20--23, for binding to the μ2 subunit of the AP-2 complex in IFITM3 [@b0230]. Although pIFITM1 lacks this sorting motif, we speculate that there may be other sorting motifs that mediate clathrin-dependent endocytosis of IFITM1.
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